Abstract
79
In the diverse fungal kingdom, the RNAi machinery of the fission yeast Schizosaccharomyces pombe and the 80 ascomycete fungus Neurospora crassa are thus far the best-studied (Chang et al., 2012) . Quelling is an RNAi-81 related gene-silencing mechanism in Neurospora that is induced by repetitive transgenic sequences and occurs 82 in the vegetative growth stage to control transposons (Romano & Macino, 1992) . In Schizosaccharomyces 83 pombe, RNAi components are required for heterochromatin formation (Volpe et al., 2002) . The roles of 84 sRNAs in eukaryotic plant pathogens have thus far not been extensively characterized (Weiberg et al., 2014) .
85
In Phytophthora spp., sRNAs are putatively involved in effector gene and transposable element (TE) 86 regulation and are predominantly of the size classes of 21 nt, 25-26 nt and 32 nt (Vetukuri et al., 2012) . Many to deliver sRNAs into the fungal pathogen Botrytis cinerea to silence pathogenicity genes (Cai et al., 2018) .
96
The wheat stripe rust fungus Puccinia striiformis f. sp. tritici (Pst) produces a large number of 20-22 nt sRNAs 97 and expresses RNAi genes during infection (Mueth et al., 2015) . One 20 nt sRNA appears to target the wheat 98 defence pathogenesis-related 2 (PR2) gene (Wang et al., 2017) . The fungal pathogen Sclerotinia sclerotiorum 99 produces mainly 22-23 nt sRNAs with a 5' uracil from repeat-rich regions during infection (Derbyshire et al., 100 2019). The production of sRNAs and their potential roles in Pgt development and pathogenicity has thus far 101 not been investigated.
102
Recently, the chromosome-scale assembly of Pgt 21-0 has been made available (Li et al., 2019 centromeres (<400 bp), short regional centromeres (>400 bp, <20 kb) to large regional centromeres (>20 kb) 
Results

131
The expression profiles of the Pgt RNAi genes suggest their functional diversification 132 RNAi machinery genes were previously identified in the reference genome Pgt p7a (Duplessis et al., 2011; 133 Choi et al., 2014). We searched for the Pgt p7a RNAi genes in the gene annotation of the fully phased, (Table 1) . We assessed the expression of these RNAi 136 genes during a time course of Pgt 21-0 infecting wheat from 2-7 days post infection (dpi) (Chen et al., 2017) 137 and in germinated spores and haustorial tissue (Upadhyaya et al., 2015) . Clustering of the RNAi gene The second cluster consists of RdRPs A/C, argonaute A and dicer C and these are highly expressed at the later stages of 155 infection (6-7 dpi). 156
Pgt produces two distinct sRNA profiles during infection, similarly to wheat sRNAs 157 To assess the role of the RNAi machinery during the rust infection cycle, we performed small RNA-158 sequencing on germinated spores, uninfected wheat and infected wheat at 3 dpi, 5 dpi and 7 dpi. Adapter-159 trimmed and tRNA/rRNA-filtered sRNA reads were first mapped to the wheat genome (IWGSC RefSeq v1.0) 160 and the Pgt 21-0 genome, allowing no mismatches. Strikingly, the read alignment rates show a strong presence 161 of Pgt sRNAs in the late infection sample (7 dpi, Table 2 ). The mapping rates to rust at 3 dpi and 5 dpi are 162 low at 0.57% and 1.76%, respectively, but increase drastically to 33.9% at 7 dpi. In contrast, 70.3% of sRNA 163 reads map to the wheat genome in the uninfected wheat samples. During infection, ~67% of sRNA reads map 164 to the wheat genome at 3 dpi and 5 dpi. Strikingly, at 7 dpi the sRNA mapping rate to wheat decreases to 165 30.3%. To annotate high-confidence Pgt and wheat sRNAs from the sequencing data, we used the ShortStack software We then assessed the 5' nucleotide preferences for the single most abundant RNAs in each cluster. As when sporulation begins (7 dpi). We detected no differential expression of Pgt sRNAs between 3 dpi and 5 201 dpi, likely due to the low number of mapped reads (Table 2) sRNAs shared between the different time points: germinated spores, early infection (3 dpi and 5 dpi) and late infection 225 (7 dpi). Two major classes of sRNAs occur: one that is up-regulated during late infection (n = 1,897) and one that is 226 up-regulated in germinated spores compared to late infection (n = 1,388). 227
228
The late wave Pgt sRNAs are predominantly 22 nt in length with a 5' adenine 229 We assessed the length distributions and 5' nucleotide preferences of differentially expressed Pgt sRNAs conditions. 247
The early wave Pgt sRNAs are mostly produced from genes and are conserved across the haplotypes 248 We further investigated the locations of the Pgt sRNAs on the chromosomes and found that similar proportions 249 occur in each of the two haplotypes (Table 5) . We then assessed if sRNAs have a homologous counterpart.
250
For this we re-mapped the sequencing reads that define a sRNA locus to the remainder of the genome. The 251 sRNA locus that has the highest coverage by those mapped reads is assigned as the homologous counterpart.
252
Around two-thirds of sRNAs up-regulated in germinated spores have a homologous counterpart (66.1%, Table   253 5). Almost half of these homologous pairs are located on the corresponding haplotype chromosomes (82.6%).
254
In contrast, around half of sRNAs up-regulated during late infection have a homologous counterpart (54.5%), The late wave Pgt sRNAs exhibit opposing genomic locations to the early wave sRNAs (Table 5) . Pgt sRNAs 269 up-regulated in germinated spores and during early infection predominantly map to genes (57.5% and 64.9%, Table 6 : Pgt genes that are associated with sRNAs up-regulated in germinated spores and their functional GO 283 term enrichment. We assessed GO term enrichments of the annotated molecular function of Pgt genes that are 284 associated with sRNAs compared to all other Pgt genes (FDR < 0.00001). 285 The late wave Pgt sRNAs are produced from repetitive elements in the centromeric regions 287 We further assessed the location of sRNAs on the chromosomes in the context of gene and repeat density. We Figure S9) . We assessed the repeat content of the predicted 321 centromeric regions. All of the 2*18 Pgt centromeres have a higher repeat content than the non-centromeric 322 regions (Figure 8) . The average GC content of the centromeric regions is 42.2%, compared to 43.6% of the TEs. We then separated genes into two groups, one group containing genes with the closest TE being a 350 sRNA+TE and the other group containing genes with the closest TE being a sRNA-TE.
Enriched GO term category False discovery rate (FDR) # of genes Genes that are associated with smRNAs up-regulated in germinated spores
351
We then assessed the average gene expression levels at late infection (7 dpi) and compared the different groups 352 (Figure 9 ). When a TE was overlapping with or contained within a gene, then genes with a sRNA+TE were 353 expressed at significantly lower levels, on average, than genes with a sRNA-TE. We then repeated this (Figure 9 ). This suggests that the proximity to a sRNA+TE or a sRNA−TE has a significant effect on 357 the expression of genes that overlap with TEs, and that sRNA+TEs are actively silenced by the siRNAs during 358 late infection which leads to reduced expression of the associated genes. The up-regulation of 22 nt sRNAs with enrichment for 5' adenine during late infection coincides with the up- 
Materials and Methods
425
Small RNA sequencing, read processing, filtering and alignment 426 For rust infection, host plants (cv. Sonora) were grown at high density (~25 seeds per 12cm pot with compost 427 as growth media) to the two leaf stage (~7 days) in a growth cabinet set at 18-23°C temperature and 16 h light.
428
Spores (-80°C stock) were first thawed and heated to 42°C for 3 minutes, mixed with talcum powder and 429 dusted over the plants. Pots were placed in a moist chamber for 24 hours and then transferred back to the 430 growth cabinet. Leaf samples were harvested at specified days after inoculation, snap frozen and stored at - at 3 dpi, 5 dpi and 7 dpi. Adapters were trimmed using cutadapt (-m18 -M28 -q30 -trim-n -discard- 
440
To eliminate reads derived from non-small RNAs, we first generated a database set of potential contaminating (Stocks et al., 2012) . This set of potential contaminant sequences was de-duplicated using 446 bbmap and its tool dedupe.sh (sourceforge.net/projects/bbmap/). Reads that mapped to this set were removed 447 using bowtie 1.1.2 (Langmead et al., 2009 ). To assess read length distributions across the different samples, mismatches allowed -v0; report all alignments: -a -best -strata; suppress all alignments with more than 100 451 reportable alignments: -m100).
452
Gene expression analysis and repetitive element prediction 453 From the same infected leaf samples, previously published RNA-sequencing data (0 dpi, 2 dpi, 3 dpi, 4 dpi, 5 454 dpi, 6 dpi, 7dpi) was used for the gene expression analysis (Chen et al., 2017) . This was complemented with 
461
Repetitive sequences on the Pgt chromosomes were predicted using RepeatModeler 1.0.11. We filtered repeat 
483
All plots were produced using Ggplot2 (Wickham, 2009) and statistical significance was assessed with t-tests 484 using the ggsignif package (https://cran.r-project.org/web/packages/ggsignif/index.html). Significance 485 thresholds according to t-test are: NS, not significant; *, < 0.05; **, < 0.01; ***, < 0.001.
486
To assess if sRNAs have a homologous counterpart, we re-mapped the sequencing reads that define a sRNA 487 locus to the remainder of the genome using bowtie 1.1.2 (alignment settings: two mismatches allowed -v2; 488 report all alignments: -a -best -strata; suppress all alignments with more than 100 reportable alignments: -489 m100). If more than 25% of bases in a sRNA locus are covered by those mapped reads (using bedtools The genomic origins of sRNAs was assessed using bedtools intersect -f 0.25 -F 0.25 and the genomic 494 coordinates of the sRNA loci and the TEs/gene annotations.
495
To assess the relationships of sRNAs and TEs, we re-mapped up-regulated sRNAs to the genome using bowtie 496 1.1.2 (alignment settings: no mismatches allowed -v0; report all alignments: -a -best -strata; suppress all 497 alignments with more than 100 reportable alignments: -m100). We reported repeats that overlap with those 498 mapped sRNAs using bedtools intersect -a and those that do not overlap with mapped sRNAs using bedtools 499 intersect -v. We then retrieved the genes that overlap with repeats using bedtools closest. 
